The International Working Group (IWG) has classified Alzheimer's disease (AD) as two different types, the typical form and the atypical form, but clinicopathological studies of atypical AD are limited. Because atypical AD cases usually present with early-onset dementia, we investigated 12 patients with early-onset AD, including two patients with typical AD and 10 patients with atypical AD. Of these patients, six had the posterior variant, three had the frontal variant and one had the logopenic variant mixed with semantic dementia. We reported MRI, single-photon emission CT and neuropathological findings in six representative cases. We also described a "left temporal variant" of AD presenting with transcortical cortical sensory aphasia, which has not been reported previously and is another subtype of the posterior variant of AD. We found a significant correlation between regional cerebral blood flow and counts of NFTs in the cerebral cortices. An atypical presentation with focal neuropsychological symptoms roughly correlated with the density of NFTs in the cerebral cortex and more directly related to spongiform changes in the superficial layers of these areas. In contrast, the distribution of amyloid depositions was diffuse and did not necessarily correlate with focal neuropsychological symptoms. Braak staging or ABC score is not necessarily appropriate to evaluate atypical AD, and instead, spongiform changes in addition to tau pathology in the association cortices better explain the diversity of atypical AD. Interestingly, another patient with a posterior variant of AD had a novel type of atypical plaque, which we referred to as "lucent plaque". They were recognizable with HE staining in the circumference and dystrophic neurites were abundant with Gallyas-Braak staining. These plaques demonstrated intense immunoreactivity to both tau AT-8 and amyloid β (Aβ), suggesting a peculiar coexistence pattern of amyloid and tau in these plaques. Clinicopathological studies of atypical AD will provide a new understanding of the pathophysiology of AD.
INTRODUCTION
Alzheimer's disease (AD) is the most common cause of both late-onset and early-onset dementia. Neuropathological hallmarks of AD include senile plaques (SPs) and NFTs. According to the staging schema proposed by Braak et al., 1 NFT pathology develops exclusively in the entorhinal regions and progresses via the temporal cortex to the frontal cortex or the parietal cortex and ultimately extends to the primary visual cortex. Entorhinal lesions are widely believed to be responsible for the impairment of episodic memory in AD. However, the neuropathological backgrounds of other neuropsychological symptoms of AD, including aphasia, apraxia, agnosia and executive dysfunction, are poorly understood. Recent advances in the understanding of the pathophysiology of AD have demonstrated that AD is more heterogeneous than previously appreciated. 2 The International Working Group (IWG) has classified AD as two types, the typical form and the atypical form, where the latter includes the posterior variant, the logopenic variant and the frontal variant. As atypical AD cases usually present as early-onset dementia, we investigated the clinical course, as well as the neuropsychological, neuroimaging and neuropathological findings in a series of early-onset AD patients to elucidate the precise relationship between AD pathology and neuropsychological symptoms.
METHODS
We investigated the clinicopathological features of 12 patients with early-onset AD (Table 1) . Eleven patients presented to the Department of Psychiatry at the Yamagata University School of Medicine, Japan, and postmortem examinations were performed between 1990 and 2010 at the Yamagata University Hospital or Shinoda General Hospital. One patient presented to the Department of Psychiatry at the Takeda General Hospital in Aizu, Fukushima and was autopsied in 2015. Written informed consent was obtained from the patients' families. The mean age at onset was 57.1 years and the mean age at presentation was 61.0 years. The mean age at death was 69.3 years and the mean total duration of illness was 12.2 years. Psychiatric, neuropsychological and neurological examinations were followed up longitudinally from presentation until death. MRI and/or CT scan of the brain as well as regional cerebral blood flow measurement using single-photon emission tomography (SPECT) were also performed on all patients. Tc-ethyl cysteinate dimer (ECD). Brain images were statistically analyzed by threedimensional stereotactic surface projections (3D-SSP) or an easy Z score imaging system (eZIS) for SPECT. The apolipoprotein E phenotype was identified in six patients. Mutations in amyloid β (Aβ) precursor protein (APP), presenilin 1 and presenilin 2 were analyzed in frozen brain tissues from three patients.
The brains were fixed in 10% neutral buffered formalin and cut into either 1.0 cm slices (cerebrum and cerebellum) or 0.5 cm slices (brainstem). The tissue blocks were taken from the frontal cortex, motor cortex, entorhinal cortex, amygdala, temporal cortex, hippocampus, parietal cortex, occipital cortex, caudate nucleus, pallidum, nucleus basalis of Meynert, thalamus, midbrain, pons, medulla oblongata, cervical spinal cord, cerebellar cortex and dentate nucleus. The tissues were embedded in paraffin and sectioned at a thickness of 4 or 8 μm. Each section was stained with HE, KB, Holzer, modified Bielschowsky and modified GallyasBraak silver staining. For immunohistochemistry, antiphosphorylated tau (1:1000, AT-8, Innogenetics, Ghent, Belgium), anti-Aβ protein (1:100, Aβ 1-42; 1:100, Aβ 1-40; 1:250, Aβ 11-28; IBL, Gunma, Japan), anti-phosphorylated α-synuclein (1:10 000, pSyn#64, Wako, Osaka, Japan), antiphosphorylated trans-activation response DNA protein 43 (TDP-43) (1:5000, pS409/410, COSMO BIO, Tokyo, Japan), and GFAP (1:200, DAKO, Glostrup, Denmark) were used and detected with peroxidase-labeled streptavidin biotin kits (Nichirei Histofine Simple Stain Kit, MAX-PO, Tokyo, Japan). Diamino benzidine was used for color development and the slides were counterstained with hematoxylin.
AD neuropathological changes were evaluated using the "ABC" score. 5 The relationships between regional cerebral blood flow (rCBF) and the amount of NFTs and SPs in the superficial and deep cortical layers were examined in six patients (Cases 1-3, 7, 8 and 10). Correlation coefficients were calculated using the rCBF absolute values as determined by 133 Xe-SPECT, NFT counts (/mm 2 ) as determined by Gallyas-Braak staining and the SP counts (/mm 2 ) as determined by modified Bielschowsky staining in seven cortical regions, including the mid-frontal, anterior cingulate, motor, inferior temporal, parietal, precuneus and visual cortices.
RESULTS
According to the IWG-2 criteria, two were typical AD and eight were atypical AD. The atypical cases consisted of six of the posterior variant, three of the frontal variant 6 and one of the logopenic variant that was accompanied by semantic dementia 7 ( Table 1) . Two of the six patients with the posterior variant could be alternatively classified as having the tentatively named "left temporal variant" of AD.
Representative Cases

Case 1 Biparietal variant of AD with Gerstmann syndrome
The patient was a 57-year-old right-handed man with 16 years of education. His father and paternal aunt developed dementia in their 80s. Five years before his first visit, the patient developed clumsiness in his bilateral upper extremities and had difficulty driving straight. He gradually became forgetful. At examination, he scored 10.0/32.5 points on the Hasegawa's dementia scale, which was indicative of moderate dementia. The neuropsychological examination revealed constructional apraxia, dressing apraxia, visuospatial impairment and dysgraphia. He could not copy simple figures and exhibited closing-in phenomena (Fig. 1) . However, his language comprehension was relatively preserved. His verbal IQ according to the Wechsler adult intelligence scale (WAIS) was 78, which was indicative of relatively preserved language comprehension. In contrast, his performance IQ was below 60 due to visuospatial dysfunction. The pronation-supination movements of his left hand were hesitant and myoclonus was noted in his left upper extremity. T1-weighted MRI revealed atrophy in the medial temporal lobes and parieto-occipital lobes (Fig. 1) .
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I-IMP-SPECT showed prominent hypoperfusion in the bilateral temporal and parieto-occipital lobes. A diagnosis of AD with Gerstmann syndrome was made. At the age of 60, his dementia worsened, and he developed anxiety and started wandering. Logoclonia was also noted. Furthermore, he exhibited bradykinesia and muscle rigidity. He 
ApoE, apolipoprotein; APP, amyloid precursor protein; F-P, frontoparietal; F variant, frontal variant; LP variant, logopenic variant; na, not assessed; P-O, parieto-occipital; PS1, presenilin 1; PS2, presenilin 2; P variant indicates posterior variant; R < L, left-predominant; SD, semantic dementia; SPECT, single-photon emission tomography; T-P, temporoparietal;
À, no mutation.
died suddenly of aspiration pneumonia at the age of 62 after a clinical course of 9 years. The diagnosis of corticobasal degeneration was also considered because of clumsiness of the left hand and myoclonus, but the diagnosis of AD was maintained. The patient's brain weighed 1090 g after fixation. Macroscopically, mild cortical atrophy with moderately dilated posterior horns in the lateral ventricles as well as moderate hippocampal atrophy were observed (Fig. 2) . The substantia nigra and locus coeruleus showed no depigmentation. Histopathologically, there was severe AD pathology corresponding to Thal amyloid phase V and Braak NFT stage V with moderate Consortium to Establish a Registry for Alzheimer Disease (CERAD) neuritic plaques. Thus, the ABC score of case 1 was A3, B3 and C2. Amyloid deposits were widespread across the cerebral cortex, and they were particularly abundant in the frontal cortex with "granule-like" deposits. A small number of SPs were observed in the cerebellar cortex. The density of NFTs was high in the CA1 (Fig. 3 ) and subiculum regions of the hippocampus, as well as deep cortical layers of the frontal, temporal and parietal lobes, but it was very low in the primary visual cortex of the occipital lobe and the motor cortex (Figs 2, 4 ). This is a common form of early-onset AD presenting with visuospatial and constructional disabilities that reflect bilateral parietal lesions, as clearly shown by functional neuroimaging using SPECT. Posterior cortical atrophy (PCA) was not prominent in case 1. A differential diagnosis of corticobasal degeneration is sometimes required when asymmetric symptoms are noted, but that was not the case for this patient.
Case2 Left temporal variant of AD with transcortical sensory aphasia
The patient was a right-handed man with 16 years of education. At the age of 63, he complained of difficulty in finding the right words, and he visited the Department of Neurosurgery of our university hospital. At that time, his objectnaming ability was almost intact, and he was able to perform serial sevens three times and a four-digit backward span. A brain CT scan at age 65 was almost normal, except for mild atrophy around the left perisylvian region. He gradually developed an impairment in language comprehension and calculation as well as in episodic memory and was referred to our department at the age of 67. His Hasegawa's dementia scale score was 6.5/32.5. At the age of 71, he was unable to understand simple sentences or words, but his repetition ability was almost intact. His language symptoms were classified as transcortical sensory aphasia due to AD. Agraphia and constructional apraxia were also noted. However, his activities of daily living were unaffected. A CT scan showed progressive cortical atrophy in the left perisylvian cortex and parietal cortex.
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I-IMP-SPECT revealed left-sidepredominant frontal and temporoparietal hypoperfusion (Fig. 5) . Over the next 2 years, his cognitive impairment became more global, and he often exhibited agitation and wandering. T1-weighted MRI revealed left-side-dominant temporal and parieto-occipital lobe atrophy. At the age of 77, muscle rigidity and gait disturbance were evident. At the age of 78, he died of aspiration pneumonia after a clinical course of 15 years. Although the diagnosis of primary progressive aphasia was also considered, the final clinical diagnosis of AD was made from accompanying progressive memory disturbance and dementia. The patient's brain weighed 1250 g after fixation. Macroscopically, left-sidepredominant atrophy in the temporal lobe base was observed (Fig. 6) . In a coronal section, the atrophy was more prominent in the left temporal lobe. Gliosis of white matter was also more severe and the NFTs and neuritic plaques were more abundant than in the right temporal lobe. Spongiform changes in the temporal cortex were evident with severe neuronal loss (Fig. 7) . The ABC score of case 2 was A3, B3 and C2. Amyloid deposits were widespread across the cerebral cortex, except in the superficial layers of the visual cortex (Fig. 7) . "Granule-like" amyloid deposits, similar to case 1, were observed in the deep layers of the frontal and occipital lobes. A small number of SPs were observed in the cerebellar cortex. The density of the NFTs was high in the deep cortical layers of the frontal, temporal ( Fig. 7 ) and parietal lobes, but low in the CA1 region of the hippocampus (Fig. 3) , and especially low in the visual cortex and motor cortex (Fig. 7) .
The most characteristic finding of case 2 was predominant left temporal atrophy with focal spongiform degeneration that was accompanied by a language comprehension deficit. We regarded this case as another subtype of the posterior variant of AD, referred to as a "left temporal variant" of AD with transcortical sensory aphasia.
Case3 PCA
This patient was a right-handed car mechanic with 14 years of education. At the age of 53, he had difficulty identifying objects in front of him, reading a new line of instructions and changing a bumper, which made him anxious and depressed. He was initially diagnosed with major depression and treated with an antidepressant, which slightly improved his symptoms. At the age of 54, he was becoming forgetful and scored a 23 on the Mini-Mental State Examination (MMSE), which was suggestive of cognitive impairment. The reassessment of his neuropsychiatric condition revealed visual agnosia and simultanagnosia, with a decreased score of 2/14 on the Poppelruter's mixed figures test. Although his verbal IQ was unaffected and he scored a 95 on the WAIS, his performance IQ was markedly decreased, with a score of below 60 due to profound visual agnosia. T1-weighted MRI showed bilateral parieto-occipital cortical atrophy without hippocampal atrophy. At the age of 57, his MMSE score had declined to 16/30, but his three objects recall was 2/3, indicating that his episodic memory was spared. T1-wighted MRI showed a progressive atrophy in the bilateral parieto-occipital cortex where marked hypoperfusion was revealed by 99m Tc-HMPAO SPECT (Fig. 8) . At the age of 58, he was unable to recognize his wife's face, but he could immediately recognize her voice. Delusions of intoxication due to Fig. 6 Lateral view of the left hemisphere of case 2 shows cortical atrophy in the temporal lobe (A). Scale bar, 2 cm. The coronal section at the mammillary body level shows severe atrophy in the entorhinal and temporal cortices predominantly on the left side (arrows) (B). GallyasBraak staining and amyloid immunohistochemistry (Aβ11-28) of the temporal cortex and hippocampus (C, D), the frontal cortex (E, F) and the occipital cortex (G, H). Scale bar, 0.5 cm. The density of NFTs is high in the entorhinal and inferior temporal cortices (C) and in the medial frontal cortex (E), but it is low in the primary visual cortex (G, star). Amyloid deposits are diffuse and abundant throughout the cerebral cortex (D, F, H).
hyperosmia made him agitated, and he was admitted to our hospital. At the age of 59, he developed generalized tonic-clonic convulsions, myoclonus and muscle rigidity in his extremities and became bedridden. He died of pneumonia at the age of 63 with a clinical diagnosis was PCA due to AD. Tc-hexamethylpropylene amine oxime single-photon emission tomography (E-H) shows focal and marked hypoperfusion in the bilateral parieto-occipital cortex.
The patient's brain weighed 1175 g after fixation. Macroscopically, parieto-occipital cortical atrophy was observed (Fig. 9) . The ABC score of case 3 was A3, B3 and C2. The degeneration was most severe in the superficial layers of the inferior parietal lobe with abundant NFTs and neuropil threads as well as neuronal loss, gliosis and spongiform changes (Fig. 10 ). NFTs were also observed in the superficial layers of the primary visual cortex. The CA1 region of the hippocampus had numerous NFTs with neuronal loss (Fig. 3) . Amyloid deposits were widespread across the cerebral cortex, including large SPs in the inferior parietal and occipital cortices and "granule-like" deposits in the temporal cortex.
This is a typical case of PCA or Balint syndrome. The characteristic neuropathological finding was the parieto-occipital cortical atrophy with focal spongiform Fig. 9 Lateral view of the left hemisphere of case 3 shows cortical atrophy in the parieto-occipital lobe (A). Scale bar, 2 cm. In coronal sections, atrophy is mild in the frontal cortex and the hippocampus, but it is severe in the dorsal portion of the parieto-occipital cortex (B). Scale bar, 2 cm. Gallyas-Braak staining and amyloid immunohistochemistry (Aβ11-28) of the temporal cortex and hippocampus (C, D), the dorsal portion of the parieto-occipital cortex (E, F) and the occipital cortex (G, H). Scale bar, 0.5 cm. The density of NFTs is high in the parietooccipital cortex (E) and medial occipital cortex (C). Amyloid deposits are diffuse and abundant throughout the cerebral cortex (D, F, H). degeneration in the superficial layers, which was responsible for the Balint syndrome lesions.
Case 4 Frontal variant of AD 6
The patient was a right-handed man with 12 years of education who worked for a construction company. At the age of 52, he became forgetful and often misremembered appointment times. In an outpatient clinic, the patient was diagnosed with AD and prescribed donepezil. At the age of 56, he was unable to live alone and was admitted to a psychiatric hospital because of irritability and violent behavior. Soon after, he was diagnosed with advanced laryngeal cancer and was transferred to our general hospital. A reassessment of his dementia revealed disinhibition and restlessness, and he required physical restraints during drip infusion. However, he was able to copy intersecting pentagons precisely and build a complex paper temple, reflecting intact constructional abilities. His episodic memory and spatial orientation were also relatively spared. His Hierarchic Dementia Scale -Revised score was only 6/30, but he was able to remember all five objects. He was indifferent to answering questions, and his MMSE score was 8/30.
His frontal assessment battery (FAB) score was 3/18. His spontaneous speech was reduced, but apraxia of speech was absent and his comprehension was intact. Fluidattenuated inversion recovery (FLAIR) MRI revealed symmetrical hippocampal atrophy with frontal predominant cortical atrophy (Fig. 11) .
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I-IMP SPECT showed marked bilateral frontal hypoperfusion with right temporoparietal hypoperfusion. Hypoperfusion in the bilateral frontal, right temporoparietal and bilateral precuneus was evident based on 3D-SSP, which supported the diagnosis of AD (Fig. 11) . Two months later, the patient died of pneumonia.
The patient's brain weighed 1100 g after fixation. Macroscopically, mild cortical atrophy in the frontal lobes was observed. Coronal sections showed mild atrophy in the frontal cortex as well as in the hippocampus. The ABC score of case 4 was A3, B3 and C3. Neuronal loss and gliosis with mild spongiform changes were evident in the superficial layers of the superior frontal cortex. Amyloid deposits were diffuse and abundant throughout all of the cerebral cortex except the hippocampus (Figs 12, 13) . The density of NFTs and threads was slightly higher in the frontal cortex, particularly in the superficial layers than in the parietal cortex, and the density was lowest in the occipital cortex. However, these differences were not evident in the tau immunohistochemical analysis because of diffuse tau staining. The size of the hippocampus was unaffected (Fig. 12) , but the density of NFTs was high (Fig. 3) .
The characteristic symptom of case 4 was behavioral disinhibition with preserved visuo-constructive ability. He was diagnosed with the frontal variant of AD.
Case 5 Typical AD later advanced to severe frontotemporal atrophy
This patient was a right-handed housekeeper with 12 years of education who was referred to our hospital at the age of 62 after a 3 year history of progressive memory impairment. At that time, her MMSE was 21/30 and her activities of daily living were unaffected. Her WAIS verbal IQ was 89, and her performance IQ was 66. Her constructional and writing abilities were intact. MRI showed diffuse cerebral atrophy with dilated lateral ventricles in the inferior horns and atrophy in the medial temporal lobes (Fig. 14) . She was initially diagnosed as having typical AD with hippocampal atrophy. Her dementia gradually progressed to a MMSE score of 9/30 at the age of 65. She compulsively collected garbage and threw it away in a brook. Over the next year, she developed agitation, language comprehension deficits and jargon aphasia. At the age of 67, she developed muscle rigidity and gait disturbance and was admitted to our hospital. MRI showed considerable progression of atrophy in the frontal and temporal lobes as well as in the hippocampus (Fig. 14) . The 3D display of 99m Tc-ECD SPECT revealed hypoperfusion in the frontal, parietal and temporal cortices. However, the primary motor and sensory cortices were spared (Fig. 14) . At the age of 68, she was transferred to a dementia treatment ward in a psychiatric hospital and remained there until she died of pneumonia at 80 years of age. She was bedridden and fed through a nasogastric tube for the last 3 years. A CT scan at the age of 79 showed prominent dilatation of the anterior horn and the body of the lateral ventricles. The final clinical diagnosis of AD was made.
The brain weighed 605 g before fixation. Macroscopically, diffuse and severe cortical atrophy in the cerebral cortex was observed (Fig. 15) . Coronal sections showed striking Fig. 12 Lateral view of the left hemisphere of case 4 shows mild cortical atrophy in the frontal lobe (A). Scale bar, 2 cm. In coronal sections, atrophy is mild in the frontal cortex (B), the temporal cortex and the hippocampus (C), and the occipital cortex (D). Scale bar, 2 cm. GallyasBraak staining and tau (AT-8) and amyloid (Aβ11-28) immunohistochemistry of the frontal cortex (E, H, K), the temporal cortex and hippocampus (F, I, L), and the occipital cortex (G, J, M). Scale bar, 0.5 cm. The density of NFTs is high in the frontal and temporal cortices, but it is low in the occipital cortex (E-G, H-J). Amyloid deposits are diffuse and abundant throughout the cerebral cortex except in the hippocampus (K-M). atrophy in the frontal lobe, the temporal lobes and the hippocampus (Fig. 15) . The ABC score of case 5 was A3, B3 and C2. Severe neuronal loss and prominent gliosis with "remnant plaques", which were poorly stained with Gallyas-Braak staining and tau immunohistostaining, were observed in all layers of the frontal and temporal cortex (Fig. 16) . Amyloid deposits were widespread across the cerebral cortex with large plaques in the primary visual cortex and "granule-like" plaques in the frontal and temporal cortices. A moderate number of neuritic plaques were observed in the temporal cortex. The density of NFTs was high in the temporal cortex but low in the occipital cortex. The density also appeared low in the frontal cortex because of severe neuronal loss and an increase in ghost tangles. The severely atrophied hippocampus contained numerous NFTs including ghost tangles (Fig. 3) .
This patient presented with memory impairment followed by stereotypic behavior and personality changes with aggression. In the advanced stage, severe frontotemporal and hippocampal atrophy reminiscent of frontotemporal dementia (FTD) was observed. The long duration of the illness was another characteristic of this case that was associated with the appearance of "remnant plaques".
Case 6 AD with atypical plaques, "lucent plaques"
The patient was a right-handed man with 12 years of education. His mother also had dementia. He began to have trouble remembering meeting times at the age of 64. His memory impairment progressed gradually and dressing apraxia was noted. At the age of 67, he was referred and admitted to our hospital because of agitation and wandering. He was disoriented and had a MMSE score of 12/30. He was apraxic and unable to copy intersecting pentagons. MRI showed generalized cortical atrophy and right predominant hippocampal atrophy (Fig. 17) . Tc-ECD SPECT revealed right-predominant temporoparietal hypoperfusion, which was clearly shown in the statistical parametric mapping by eZIS (Fig. 17) . He was transferred to a nursing home at the age of 68. Soon after, he developed muscle rigidity in his extremities and neck and was unable to walk unassisted. At the age of 69, myoclonus was noted in his extremities and he became bedridden. MRI at the age of 70 showed Tc-ethyl cysteinate dimer singlephoton emission tomography shows hypoperfusion in the bilateral frontal and temporoparietal lobes (G-I). The lateral and medial views of the hemisphere visualized with an easy Z score imaging system (eZIS) (J, K, L, M) show hypoperfusion in the temporoparietal lobes, the frontal lobes and the precuneus. The primary motor and sensory cortices are well preserved.
progressive atrophy in the temporal and frontal cortices and in the hippocampus. He died of malnutrition following dysphagia with a clinical diagnosis of AD.
The patient's brain weighed 1080 g. Macroscopically, diffuse and severe cortical atrophy in the cerebral cortex was observed (Fig. 18) . Coronal sections showed moderate atrophy in the frontal lobe, whereas the atrophy in the temporal lobe and hippocampus was mild (Fig. 18) . The ABC score of case 5 was A3, B3 and C3.
Histologically, many atypical plaques that were roundish, lacking eosinophilia and lucent in the center, were observed with HE staining in the frontal, temporal and occipital cortices (Fig. 19) . They had Gallyas-positive dystrophic neurites in the circumference, which were GFAP-positive, and had finer radiated Gallyas-positive structures in the center, which were tau and Aβ positive (Fig. 20) . These plaques do not appear to have been reported previously, so we named them "lucent plaques". Amyloid deposits were widespread across the cerebral cortex with large plaques in the primary visual cortex and "granule-like" plaques in the frontal cortex. The density of NFTs was high in the deep cortical layers of the frontal and temporal cortices, but it was low in the occipital cortex. The hippocampus contained a few NFTs (Fig. 3) .
DNA analysis of the frozen brain tissue revealed no mutations in APP or, presenilin 1 and presenilin 2.
This patient presented with memory impairment followed by apraxia and agitation. His clinical course and brain imaging were almost typical of early-onset AD, but atypical plaques were observed.
Relationships between regional cerebral blood flow and counts of NFTs and SPs in early-onset AD
Counts of NFTs in the deep cortical layers were significantly correlated with the absolute values of rCBF in early-onset AD (r = À0.56, P < 0.01), but SPs counts were not (r = À0.07) (Fig. 21) . In the superficial cortical layers, counts of NFTs also correlated with rCBF (r = À0.45, P < 0.01), but SP counts did not (r = 0.01). Fig. 15 Lateral view of the left hemisphere of case 5 shows diffuse and severe cortical atrophy (A). Scale bar, 2 cm. In coronal sections, atrophy is prominent in the frontal lobe (B), the temporal lobe and hippocampus (C) and the occipital lobe (D). Scale bar, 2 cm. Gallyas-Braak staining and amyloid (Aβ11-28) immunohistochemistry of the frontal cortex (E, H), the temporal cortex and hippocampus (F, I) and the occipital cortex (G, J). Scale bar, 0.5 cm. The density of NFTs is high in the frontal and temporal cortices, but it is low in the primary visual cortex (E-G). Amyloid deposits are diffuse and abundant throughout the cerebral cortex including the hippocampus (H-J). Degeneration of the white matter in the frontal and temporal lobes is also evident.
Comorbidity of synucleinopathy and TDP-43 proteinopathology in atypical AD
Significant synucleinopathy was not observed in the temporal cortices and hippocampi of our AD patients. Similarly, phosphorylated TDP-positive dystrophic neurites in the temporal cortex and neuronal cytoplasmic inclusions (NCIs) in the granular layer of the hippocampus were not detected. However, there were some dot-like NCIs in the CA1 region of the hippocampus and in the temporal cortex (data not shown), which were not previously described in the classification of TDP-43 proteinopathy.
DISCUSSION
Neuropathology in typical and atypical clinical presentations of AD
The density of NFTs was consistently lower in the primary visual cortex than in the frontal, temporal and parietal cortices in all cases. Amyloid deposits were diffuse and abundant throughout the cerebral cortex but were less abundant in the hippocampus. These observations are consistent with the Braak staging scheme 1 and are common in typical and atypical clinical presentations. It has been reported that tangle numbers in the entorhinal cortex and frontal lobe, but not amyloid load, could predict cognitive status as measured by MMSE in 22 elderly AD patients. 8 We observed significant correlations between rCBF values and NFT counts, particularly in the superficial and deep cortical layers. This is the first study which observed both radiological and neuropathological findings in early-onset AD. Decreased rCBF and NFT density in the specific cortical area may also predict focal neuropsychological symptoms in early-onset AD. In fact, the density of NFTs was high in the left temporal cortex in case 2 and was associated with transcortical sensory aphasia. The density was also high in the parieto-occipital cortex in case 3 and in the frontal cortex in case 4 and was associated with Balint syndrome and disinhibition symptoms, respectively. Moreover, we would like to emphasize the spongiform changes in the superficial cortical layers could be another neuropathological hallmark, as shown in cases 2, 3 and 4.
It should be emphasized that functional brain imaging using SPECT could delineate temporoparietal hypoperfusion which is common to AD and improved our diagnostic accuracy in atypical AD. Braak staging 1 or ABC score 5 is widely used to differentiate AD from normal aging, but it is not necessarily appropriate to evaluate pathological heterogeneity or individual variations of atypical AD. Braak staging principally assesses the medial temporal and occipital regions, which may correlate directly with the degree of episodic memory disturbance in typical AD. However, in atypical AD the distribution of spongiform changes in addition to tau pathology in the corresponding areas of the association cortices better explains focal cortical syndromes. In fact, the considerably higher density of SP and NFT in early-onset AD than in late-onset AD has been reported in the superior and inferior frontal, rectal, anterior cingulate, superior, middle and inferior temporal, supraparietal and medial temporo-occipital cortices. 9 Further quantitative histopathological studies of AD changes in every cortical layer and association cerebral cortex are needed to understand the presentation of neuropsychological symptoms, including aphasia, apraxia and agnosia in atypical AD. In a review of several pathological studies of PCA due to AD, 10 the density of NFTs in the visual and visual association cortices was consistently higher in patients with PCA than in typical AD patients. However, the density of SPs was inconsistent, which further supports the claim that SP density is not a hallmark of focal neuropsychological symptoms. Tc-ethyl cysteinate dimer single-photon emission tomography shows right-side predominant hypoperfusion in the temporoparietal cortex (D-F). The lateral and medial views of the hemisphere visualized with easy Z score imaging system (eZIS) (G-J) shows hypoperfusion in the right temporoparietal lobes.
As for the distributions of NFTs and SPs in the frontal variant of AD, conflicting results have been reported. Johnson et al.
11 first reported cases involving three patients with AD who showed disproportionate impairment on frontal lobe function tests and had significantly higher NFT loads in the frontal cortex compared to those with typical AD. Taylor et al. 12 described a patient with frontal variant of AD who had a high density of NFTs in the frontal cortex but had a considerably low density in the temporal and parietal cortices. SPs were reported to be more abundant in the frontal cortex than in the occipital cortex. It is interesting to note that this case involved prominent microvacuolation and astrocytosis, as well as SPs in layers II and III of the frontal cortex. We also observed these spongiform changes in the most severe lesions of our atypical AD patients. Blennerhassett et al. 13 examined six patients and observed more neuronal loss and amyloid deposits in the frontal cortex than in the occipital cortex, but there were no significant changes in NFT density compared to patients with typical AD. In case 4 of our study, a difference in NFT density was observed between the frontal region and other regions, but this result needs to be confirmed in a larger sample size. Although IWG-2 14 has proposed a posterior variant, a logopenic variant, and a frontal variant of AD, we additionally identified a "left temporal variant" of AD that had more anterior lesions in the temporal cortex than the logopenic variant and exhibited transcortical sensory aphasia. Previous studies 15 have shown that anomic aphasia in the early stages and comprehension deficits resembling transcortical sensory aphasia in the later stages were characteristic of aphasia in AD. However, comprehension deficits were evident in case 2 in the middle stage of AD. Galton et al. Recently, the concept of hippocampal sparing (HpSp) AD has been proposed, 17 which is characterized by less hippocampal atrophy, higher NFT density in cortical areas and lower NFT density in the hippocampus than typical AD. Although the relationship between atypical AD and HpSp AD is not necessarily clear at this time, HpSp AD has been reported in younger patients and overlaps with early-onset AD. In cases 3 and 4 of our study, the density of NFTs in the CA1 region of the hippocampus was higher than expected, despite relative sparing of episodic memory and hippocampal size as determined by MRI. In contrast, the density of NFTs was lower in cases 2 and 6, which exhibited profound dementia. In our 12 early-onset AD patients, the subiculum and entorhinal cortex had consistently high NFT densities, which appeared to be more closely related to memory impairment than density in the CA1 region. In atypical AD patients, even if episodic memory is relatively spared in the early stage of the disease, memory impairment will eventually become apparent as the disease progresses without exception. Our clinicopathological study suggests that longitudinal neuropsychological observation together with both structural and functional brain imaging is the best way to improve diagnostic accuracy of atypical AD.
It is also surprising that in typical AD (case 5) with hippocampal atrophy, severe frontotemporal atrophy reminiscent of FTD developed as the disease progressed. Behavioral changes were also noted, which were probably due to damage to the amygdala and the frontotemporal circuit. These observations may be indicative of an alternate subtype of AD resembling FTD. Additionally, a brain weight of 605 g reflects a very advanced stage of AD.
We did not fully assess the other pathologic processes, including TDP-43 pathology, α-synuclein pathology and vascular disease in this study. Although the frequency is speculated to be lower in early-onset AD than in late-onset AD, comorbidities are an important issue.
We also did not discuss the distribution of amyloid and tau deposition in the subcortical structures, including Meynert's nuclei and brain stem, because our study focused on neuropsychological symptoms due to the damage of cerebral cortices.
Histopathology of typical and atypical senile plaques in atypical AD
Thal et al. 18 identified four developmental phases of SPs in the medial temporal lobe that reflect the entorhino- Xe-single-photon emission tomography. NFTs and SPs were evaluated by GallyasBraak staining and modified Bielschowsky staining, respectively, in seven cortical regions: the mid-frontal, anterior cingulate, motor, inferior temporal, parietal, precuneus and visual cortices.
hippocampal pathway for the expansion of β-amyloidosis. They described diffuse plaques, subpial band-like Aβ, lake-like amyloid, fleecy amyloid, cored plaques (classical plaques), core-only plaques and white matter plaques. In addition to these typical plaques, we observed atypical plaques.
Case 5 had "remnant plaques" that were visible with HE staining and obscure with Gallyas-Braak staining. These "remnant plaques", first described by Oide et amyloid deposits were observed to various degrees in all six cases and tended to be abundant in the frontal regions, irrespective of the clinicopathological subtypes of AD. These observations may suggest a peculiarity of the degradation process of β-amyloid in the frontal lobes. Furthermore, we need to consider the other possibility that smaller particle structures of Aβ influence disease progression by mechanisms of prion-like conformational strains. 20 Case 6 exhibited another type of atypical plaques, which to our knowledge has not been reported previously, and we named them "lucent plaques". These plaques somewhat resembled "remnant plaques", which are recognizable with HE staining due to glial fibrils and have intense GFAP immunoreactivity. "Lucent plaques" were also recognizable with HE staining in the circumference where dystrophic neurites were abundant with Gallyas-Braak staining. These plaques demonstrated immunoreactivity to both tau AT-8 and Aβ, which were more intense than in the "remnant plaques".
Other kinds of atypical plaques recognizable with HE staining have been reported in patients with autosomaldominant early-onset AD: cotton wool plaques [21] [22] [23] [24] [25] (CWPs) with and without presenilin 1 mutations and Arctic plaques 26, 27 in the Arctic APP mutation (Table 2 ). CWPs are distinct in HE staining, large and voluminous, round, eosinophilic and lack congophilic cores. 20, 21 There is little plaque-related glial pathology with relatively minor involvement of argyrophilic or tau-immunoreactive neurites in the CWPs. 21, 22, 24 Immunoreactivity of CWPs for Aβ is often peripherally accentuated and is Aβ1-42 dominant rather than Aβ1-40. [23] [24] [25] In contrast, "lucent plaques" are positive both for Aβ1-42 and Aβ1-40, and there is major involvement of neuritic and glial pathology. Just like CWPs, Arctic plaques appear as compact rounded structures with homogenous texture devoid of an amyloid core with HE staining. In Bielshowsky staining sections, they are moderately stained with accentuation of peripheral parts and negative or weakly stained centers, giving the plaques a ring-like pattern, which harbor neuritic changes. Different from "lucent plaques", Arctic plaques and CWPs have a modest glial and inflammatory tissue reaction. Both "lucent plaques" and Arctic plaques show peripherally accentuated appearance with Bielschowsky staining, but "lucent plaques" have more intense neuritic pathology, as clearly shown with Gallyas-Braak staining, than Arctic plaques. In addition, poor stainability in the centers with HE and KB staining is the most characteristic feature of "lucent plaques". From a genetic point of view, in spite of a positive family history of dementia, case 6 had no mutations in presenilin and APP genes. Although mechanisms of inducing "lucent plaques" remain to be clarified, the peculiar coexistence pattern of amyloid and tau in "lucent plaques" could further our understanding of the mechanisms of amyloid and tau deposition.
Considering the failure of amyloid-targeted therapy in treatment of AD, the influence of various types of amyloid and tau depositions on the symptoms and clinical courses of AD requires further study.
CONCLUSIONS
By describing the atypical AD cases presented here, we demonstrated the importance of clinicopathological studies combined with longitudinal assessment of neuropsychology and neuroimaging. Focal neuropsychological symptoms roughly correlated to the density of NFTs in the corresponding association cerebral cortex, and more directly correlated to spongiform changes and neuronal losses in the superficial layers of these areas. However, the distribution of amyloid depositions was diffuse as indicated by modern amyloid neuroimaging, 28 and did not necessarily correlate with focal neuropsychological symptoms. Considering recent progress in tau neuroimaging, 29 a precise histopathological study of the association cerebral cortices as well as the medial temporal cortex and hippocampus is important to elucidate the neuropathological basis of neuropsychological symptoms, including aphasia, apraxia and agnosia in atypical AD.
